] >100 nM while having no effect on K s or n. Mutation of the single PKA consensus phosphorylation site at serine 334 to alanine (S334A) had no effect on the PKA-dependent activation during either two-electrode voltage-clamp or in excised inside-out patches. When expressed in HEK293 cells, ATP activated hIK1 in a Mg 2؉ -dependent fashion, being reversed by alkaline phosphatase. Neither PKI 5-24 nor CaMKII 281-309 or PKC 19 -31 affected the ATP-dependent activation. Northern blot analysis revealed hIK1 expression in the T84 colonic cell line. Endogenous hIK1 was activated by ATP in a Mg 2؉ -and PKI 5-24 -dependent fashion and was reversed by alkaline phosphatase, whereas CaMKII 281-309 and PKC 19 -31 had no effect on the ATP-dependent activation. The Ca 2؉ -dependent activation (K s and n) was unaffected by ATP. In conclusion, hIK1 is activated by a membrane delimited PKA when endogenously expressed. Although the oocyte expression system recapitulates this regulation, expression in HEK293 cells does not. The effect of PKA on hIK1 gating is Ca 2؉ -dependent and occurs via an increase in NP o without an effect on either Ca 2؉ affinity or apparent cooperativity.
Ca
2ϩ -dependent K ϩ channels (K Ca ) participate in a multitude of physiological processes by coupling intracellular Ca 2ϩ signaling to membrane voltage in both excitable and nonexcitable cells. Traditionally, K Ca channels have been classified as large (BK Ca ), small (SK Ca ), and intermediate (IK Ca ) conductance based on their single channel conductance in symmetric K ϩ solutions (1, 2) . BK Ca and SK Ca channels have been studied extensively in neurons where these channels contribute to action potential repolarization and hyperpolarization. In contrast, the IK Ca channels have been shown to function primarily in a variety of peripheral nonexcitable cells including secretory epithelia (3) (4) (5) (6) , erythrocytes (7, 8) , and lymphocytes (9, 10) . Although Ca 2ϩ is the primary regulator of K Ca channel gating, phosphorylation has been reported to modulate each of these K Ca channels (11) . Because Ca 2ϩ and cAMP act in concert to modulate a diverse array of physiological processes, an understanding of the integration between phosphorylation and Ca 2ϩ at the level of these K ϩ channels is critical in fully appreciating their role in these processes. This synergism between Ca 2ϩ and cAMP has been most extensively studied on the BK Ca channels; PKA-mediated phosphorylation alters both the Ca 2ϩ and voltage sensitivity of these channels (12) (13) (14) . Indeed, the PKA phosphorylation site underlying this response has recently been identified (15) .
We previously characterized an IK Ca channel in both colonic and airway epithelia that was activated by Ca 2ϩ -mediated agonists (3, 4) . These channels were blocked with high affinity by both charybdotoxin (16) and clotrimazole (17, 18) . Activation of these channels is critical to maintaining the electrochemical driving force for transepithelial Cl Ϫ secretion. This is especially true in colonic epithelia, where it was originally proposed that Ca 2ϩ -mediated agonists stimulate Cl Ϫ secretion solely via the activation of basolateral membrane K ϩ channels, relying on constitutively active apical membrane Cl Ϫ channels to carry current across the apical membrane (19) . Ca 2ϩ -and cAMPmediated agonists produce synergistic effects on Cl Ϫ secretion across colonic epithelia (20) . Although it is generally thought that this effect is due to cAMP-dependent kinase (PKA) 1 activation of apical membrane CFTR, thereby removing apical chloride conductance from being rate-limiting, the synergistic effects of these two agonists on IK Ca has been little studied. Indeed, in airway epithelia, norepinephrine functions as a dual agonist, simultaneously raising both Ca 2ϩ and cAMP, resulting in the activation of IK Ca (21) . Thus, IK Ca channels are likely under a dual modulatory role in secretory epithelia being activated by Ca 2ϩ as well as PKA. However, in contrast to the BK Ca channels, a detailed understanding of the mechanism by which PKA-dependent phosphorylation modulates the Ca 2ϩ -dependent gating of IK Ca channels has not been reported.
Ishii et al. (22) and Joiner et al. (23) recently reported the cloning of an IK Ca channel. This cloned channel exhibits an identical biophysical and pharmacological profile to that which we previously reported for the IK Ca channel expressed in the colonic cell line, T84. We took advantage of the recent cloning of hIK1 to further define the mechanism by which PKA-dependent phosphorylation modulates the Ca 2ϩ -dependent gating of hIK1. We demonstrate that hIK1 is activated via a membraneassociated PKA and that the stimulatory effect of PKA is Ca 2ϩ -dependent, resulting in an increase in total current flow (NP o ) while having no effect on either the affinity or apparent cooperativity of hIK1 for Ca 2ϩ . However, the stimulatory effect of PKA-mediated phosphorylation on hIK1 activity is independent of the only PKA consensus site, serine 334. These results suggest that the Ca 2ϩ -and cAMP-dependent signaling pathways intersect at the level of hIK1 to modulate transepithelial ion transport.
MATERIALS AND METHODS
Oocyte Preparation-Xenopus laevis care and handling procedures were in accordance with University of Pittsburgh guidelines. X. laevis were obtained from either Xenopus 1 (Dexter, MI) or Nasco (Fort Atkinson, WI). Frogs were anesthetized with 3-aminobenzoic acid ethyl ester, the ovaries were surgically removed, and the oocytes were dissected in modified Barth's solution containing 88 mM NaCl, 2.4 mM NaHCO 3 , 1 mM KCl, 0.82 mM MgSO 4 , 0.33 mM Ca(NO 3 ), 0.41 mM CaCl 2 , 10 mM HEPES, and 1% penicillin-streptomycin. The oocyte follicular cells were removed by incubation in 5 mg/ml collagenase (Life Technologies, Inc.) plus 0.5 mg/ml trypsin inhibitor in Ca 2ϩ -free ND-96 (96 mM NaCl, 1 mM KCl, 1 mM MgCl 2 , 5 mM HEPES; pH adjusted to 7.5 with NaOH) at room temperature for ϳ60 min. The oocytes were then incubated in 100 mM K 2 HPO 4 (pH adjusted to 6.5 with HCl) containing 1 mg/ml bovine serum albumin for 30 min to remove any remaining follicular cells. Stage 5 and 6 oocytes were presorted and allowed to incubate overnight in modified Barth's solution at 20°C prior to injection of cRNA.
RNA Synthesis, Quantitation, and Injection-Dr. John Adelman (Vollum Institute, Oregon Health Sciences University) generously provided hIK1 cDNA in the oocyte expression vector pBF containing both 5Ј-and 3Ј-untranslated regions of the Xenopus ␤-globin gene flanking the multi-cloning site. The plasmid was linearized using PvuI (Roche Molecular Biochemicals), and 5Ј capped cRNAs were generated using SP6 polymerase (mMESSAGE mMACHINE TM In Vitro Transcription Kit, Ambion). cRNAs were evaluated both spectrophotometrically and by agarose gel electrophoresis with ethidium bromide staining. Oocytes were injected with 5-50 ng of cRNA 2-7 days prior to recording.
Two-electrode Voltage-Clamp-Oocytes were mounted in a recording chamber maintained at room temperature. Macroscopic currents were measured with the two-electrode voltage-clamp method using a GeneClamp 500B amplifier (Axon Instruments). Data were sampled at 100 Hz using Axoscope software (Axon Instruments). Electrodes were fabricated from borosilicate glass (Kimax-51, Kimble) and pulled on a vertical puller (Narishige) having a resistance of 0.3-5 M⍀ when filled with 3 M KCl. Oocytes were continuously superfused with high K ϩ -ND96 containing 96 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , and 5 mM HEPES (pH adjusted to 7.5 with KOH) at room temperature and held at a holding voltage of Ϫ60 mV such that activation of a K ϩ current resulted in an inward current flow.
Expression of hIK1 in HEK293 Cells-hIK1 was subcloned from pBF into the mammalian expression vector pcDNA3.1 (Invitrogen) and transfected into HEK293 cells using LipofectAMINE (Life Technologies, Inc.) according to the manufacturers instruction's. Cells were grown in Dulbecco's modified Eagle's medium plus 10% fetal bovine serum and maintained under continuous selection using G418 (1 mg/ml).
Patch-Clamp Recording-The oocyte vitelline membrane was mechanically dissected prior to patch-clamping in a hypertonic solution containing 200 mM potassium gluconate, 20 mM KCl, 1 mM MgCl 2 , 10 mM EGTA, and 10 mM HEPES (pH adjusted to 7.4 with NaOH). Singlechannel currents were recorded in the inside-out patch configuration using an Axon 200B amplifier (Axon Instruments) and stored on videotape for later analysis. Pipettes were fabricated from number 8161 glass (World Precision Instruments) and heat polished to resistances of 3-6 M⍀. The pipette solution contained 145 mM potassium gluconate, 5 mM KCl, 2.5 mM MgCl 2 , 10 mM HEPES, and 1 mM EGTA (pH adjusted to 7.4 with KOH). The bath contained 145 mM potassium gluconate, 5 mM KCl, 2.5 mM MgCl 2 , 10 mM HEPES, and 1 mM EGTA (pH adjusted to 7.2 with KOH). Sufficient CaCl 2 was added to obtain the desired free (24) . All recordings were done at a holding potential of Ϫ100 mV. The voltage is referenced to the extracellular compartment, as is the standard method for membrane potentials. Inward currents are defined as the movement of positive charge from the extracellular compartment to the intracellular compartment and are presented as downward deflections from the base line in all recording configurations.
Single-channel analysis was performed on records sampled after low pass filtering at 400 Hz. The NP o (the product of the number of channels and the channel open probability) of the channels was determined using Biopatch software (version 3.3, Bio-Logic). NP o was calculated from the mean total current (I) divided by the single channel current amplitude (i), such that NP o ϭ I/i. The single channel current amplitude was determined from the best gaussian fit of the amplitude histogram. Changes in [Ca 2ϩ ] or [ATP] were not found to alter the i of hIK1 in low activity patches. Therefore, to determine NP o for high activity patches, Ca 2ϩ was titrated at the end of an experiment until i could accurately be determined by amplitude histogram analysis. Diary plots were constructed by averaging NP o over a range of 30 -120-s intervals of the experimental record.
Site-directed Mutagenesis-Ser 334 was mutated to alanine (S334A) using the QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions. Polymerase chain reactions were carried out using a CGCAGGAAGGAGGCTCATGCTGCCCG primer coupled with a complimentary primer, where the bold letter indicates the change from wild type hIK1. Point mutations were confirmed by sequencing (ABI PRISM 377 automated sequencer, University of Pittsburgh) and sequence alignment (NCBI Blast 2.0) with hIK1 (accession number AF022150).
mRNA Isolation and Northern Blot Analysis-Poly(A) ϩ mRNA was isolated from confluent T84 and Calu-3 monolayers using the Fast track 2.0 kit (Invitrogen). 3 g of mRNA was run in a 1% agarose gel and transferred to nitrocellulose. The blot was probed in Expresshyb solution (CLONTECH) at 68°C with [
32 P]dCTP-labeled DNA fragments made by random priming of a cDNA template corresponding to amino acid residues 319 -427 of hIK1 and including 100 base pairs of 3Ј-untranslated sequence, stringently washed at 65°C with 0.1ϫ SSPE, 0.1% SDS and exposed to film for 24 h at Ϫ80°C with two intensifying screens.
T84 and Calu-3 Cell Culture-T84 cells were grown in Dulbecco's modified Eagle's medium and Ham's F-12 (1:1) supplemented with 14 mM NaHCO 3 , 10% newborn calf serum, and 1% penicillin-streptomycin. Calu-3 cells were grown Dulbecco's modified Eagle's medium/Ham's F-12 (1:1) supplemented with 14 mM NaHCO 3 , 15% fetal bovine serum, 2 mM glutamine, and 1% penicillin-streptomycin. All cells were incubated in a humidified atmosphere containing 5% CO 2 at 37°C, and the medium was replaced every 2 days. For patch-clamp experiments, cells were plated onto glass coverslips 6 -48 h prior to experimentation.
Chemicals-Ionomycin, forskolin, AMP-PNP, AMP-PCP, GTP, PKI 5-24, CaMKII 281-309 , PKC 19 -31 , and H-89 were purchased from Calbiochem. CTP, UTP, ITP, ADP, IBMX, and alkaline and acid phosphatase were obtained from Sigma. ATP was obtained from Roche Molecular Biochemicals. Charybdotoxin was obtained from Accurate Chemical and Scientific and was made as a 10 M stock solution in water. Ionomycin was made as a 5,000-fold stock solution in Me 2 SO, forskolin as a 1,000-fold stock solution in ethanol, H-89 as a 1,000-fold stock solution in Me 2 SO, CaMKII 281-309 and PKC 19 -31 as a 1000-fold stock solution in water, and PKI 5-24 as 10,000-fold stock solution in water.
Data Analysis-All data are presented as the means Ϯ S.E., where n indicates the number of experiments. Statistical analysis was performed using a Student's t test. A value of p Ͻ 0.05 was considered statistically significant and reported. Nonlinear curve fitting of the concentration-response data were iteratively fitted with a MichaelisMenten-Hill equation using SigmaPlot (version 3.0; Jandel Scientific, San Rafael, CA).
RESULTS

Effect of Ionomycin and Forskolin/IBMX on TEVC Oocyte
Currents-Initially we determined whether hIK1 heterologously expressed in Xenopus oocytes could be activated by the cAMP elevating agents forskolin (10 M) and IBMX (1 mM) using the TEVC technique. As shown in Fig. 1 , addition of forskolin and IBMX alone had no effect on current flow across the oocyte membrane. In 14 experiments the control current averaged Ϫ0.13 Ϯ 0.03 A, and this was not increased by forskolin/IBMX (Ϫ0.14 Ϯ 0.01 A). Following washout of the forskolin/IBMX mixture, addition of the Ca 2ϩ ionophore, ionomycin (1 M) resulted in an increase in inward current, consistent with activation of hIK1 in our recording conditions (see "Materials and Methods"). Following establishment of a stable current, the reapplication of forskolin/IBMX in the continued presence of ionomycin resulted in a potentiated current that was sensitive to inhibition by the known hIK1 inhibitor, charybdotoxin (CTX, 50 nM). In 14 experiments, ionomycin increased current to Ϫ1.33 Ϯ 0.36 A, and this was further increased 2-fold by the addition of forskolin/IBMX to Ϫ2.51 Ϯ 0.42 A (p Ͻ 0.001). Addition of CTX reduced current to Ϫ0.44 Ϯ 0.14 A. Noninjected oocytes responded to neither ionomycin nor forskolin/IBMX (n ϭ 6; data not shown). These data demonstrate that although elevated cAMP alone does not activate hIK1, it produces a synergistic activation in the presence of elevated intracellular Ca 2ϩ .
Effect of ATP on hIK1 Activity in Excised Inside-out Xenopus
Oocyte Patches-Our TEVC results suggest that PKA-mediated phosphorylation of hIK1 results in activation of the channel in a Ca 2ϩ -dependent manner. To define this mechanism of activation we utilized the excised inside-out patch-clamp technique on Xenopus oocytes heterologously expressing hIK1. Initially, we confirmed expression of hIK1 based on its currentvoltage (I-V) relationship, Ca 2ϩ dependence and inhibition by clotrimazole (data not shown). Based on the Ca 2ϩ dependence of hIK1, we utilized 400 nM free Ca 2ϩ in our studies, because either an increase or decrease in hIK1 NP o could readily be resolved. Similar to what has been reported for a wide range of ion channels, following patch excision, hIK1 activity (NP o ) slowly declined until a new steady-state level was achieved (Fig. 2B ). Following this "rundown" in activity, channels could easily be resolved as shown for one patch in Fig. 2A . To begin to elucidate the mechanism by which phosphorylation activates hIK1, we perfused ATP (1 mM) into the bath to provide substrate for exogenously added PKA. However, as shown in Fig.  2 , addition of ATP alone resulted in the activation of hIK1. Indeed, upon perfusion of ATP, hIK1 activity slowly and steadily increased to levels greater than or equal to the activity first seen upon patch excision. Following the establishment of a new steady-state NP o , activity remained stable until the end of the experiment (Fig. 2B) The Effect of ATP Analogs on hIK1 Activity in Inside-out Patches from Xenopus Oocytes-Our results demonstrate that ATP activates hIK1 in excised inside-out patches. This activation could be due to a direct effect of nucleotides on hIK1 or a secondary effect via an associated kinase. In an initial attempt to distinguish among these possibilities, we determined the effect of several additional nucleotides, both hydrolyzable and nonhydrolyzable. As shown in Fig. 3A , addition of the poorly hydrolyzable ATP analog, AMP-PCP (300 M) had no effect on channel gating. However, subsequent addition of ATP (300 M) resulted in a 6-fold increase in NP o , as described above. Similarly, AMP-PNP (300 M) failed to activate hIK1 (Fig. 3B) . The average data for these nucleotides are shown in Fig. 3B . In the presence of 400 nM Ca 2ϩ , NP o averaged 1.88 Ϯ 0.64 (n ϭ 7), which was not significantly affected by either AMP-PNP (1.88 Ϯ 0.49) or AMP-PCP (1.99 Ϯ 0.85), whereas the subsequent addition of ATP increased NP o to 7.38 Ϯ 2.48 (p Ͻ 0.01). These results suggest that the ATP-dependent activation of hIK1 is not directly nucleotide-dependent and further indicate the possible involvement of an associated kinase.
Based on our above results we evaluated the effects of additional nucleotides on hIK1 activity. The results of these experiments are summarized in Fig. 3B . In four experiments sequential addition of the hydrolyzable nucleotide triphosphates GTP, CTP, UTP, and ITP (all 300 M) failed to induce an increase in channel activity. However, the subsequent perfusion of ATP (300 M) resulted in a 2.5-fold increase in NP o (control, NP o ϭ 0.91 Ϯ 0.25; ATP, NP o ϭ 2.47 Ϯ 0.44; p Ͻ 0.001). To determine whether the ␥-phosphate of ATP is important for hIK1 activation, we evaluated the effect of ADP on hIK1 activity. Like the other nucleotides, ADP failed to activate hIK1 (control, NP o ϭ 1.16 Ϯ 0.41; ADP, NP o ϭ 1.16 Ϯ 0.35), whereas the addition of ATP increased NP o to 2.28 Ϯ 0.46 (n ϭ 5). Finally, we determined whether cAMP could activate hIK1. However, as shown in Fig. 3B , cAMP failed to modulate hIK1 activity (n ϭ 6). These results demonstrate an absolute requirement for both adenosine and a hydrolyzable ␥-phosphate in the nucleotidedependent activation of hIK1.
The Effect of Mg 2ϩ on the ATP-dependent Activation of hIK1-Our nucleotide results suggest that the ATP-dependent activation of hIK1 relies upon nucleotide hydrolysis and/or phosphorylation. To further evaluate this possibility, we determined whether the ATP-dependent stimulation of hIK1 requires Mg 2ϩ ; Mg 2ϩ is a necessary cofactor for ATP to serve as a substrate for ATPases and kinases. For these experiments free Ca 2ϩ was maintained at 10 M. As shown in Fig. 4 , addi-
Calcium-dependent activation of hIK1 by cAMP-mediated agonists. hIK1 heterologously expressed in Xenopus oocytes was studied using the two-electrode voltage-clamp technique in high K ϩ ND96 at a holding potential of Ϫ60 mV. Intracellular Ca 2ϩ was elevated with ionomycin (1 M), whereas cAMP was elevated by forskolin (10 M) plus IBMX (1 mM). In the absence of elevated intracellular Ca 2ϩ , forskolin plus IBMX failed to activate hIK1. However, subsequent to raising intracellular Ca 2ϩ with ionomycin, increasing cAMP stimulated an increase in inward K ϩ current, which was blocked by CTX (50 nM).
tion of ATP (1 mM) in the absence of Mg 2ϩ failed to activate hIK1 in excised inside-out patches. However, the subsequent addition of Mg 2ϩ (2.5 mM) in the continued presence of ATP resulted in activation of hIK1. This effect was reversible, because removal of Mg 2ϩ resulted in a decrease in channel activity. The time course for one such experiment is illustrated as a 
FIG. 3.
Effect of nucleotides on hIK1 channel activity. hIK1 was expressed in Xenopus oocytes, and channel activity was recorded from excised inside-out patches in symmetric K ϩ gluconate with 400 nM free Ca 2ϩ in the bath at a holding potential of Ϫ100 mV. All nucleotides were tested at a concentration of 300 M. A, addition of AMP-PCP had no effect on channel activity (control, NP o ϭ 0.30; AMP-PCP, NP o ϭ 0.31), whereas the subsequent addition of ATP resulted in an activation of hIK1 (NP o ϭ 1.79) that was Ca 2ϩ dependent (NP o ϭ 0.00). B, summary data for all nucleotide experiments (all tested at 300 M). Control NP o was defined as 1.0. All nucleotides tested failed to significantly affect hIK1 activity. However, subsequent perfusion of ATP resulted in an average 3.5-fold increase in activity compared with control (*, p Ͻ 0.001). diary plot in Fig. 4B . In seven experiments, control NP o was 22.52 Ϯ 6.69, and this was not affected by addition of ATP in the absence of Mg 2ϩ (17.96 Ϯ 5.85), whereas the readdition of Mg 2ϩ resulted in an increase in NP o to 28.68 Ϯ 8.65 (p Ͻ 0.01). These results further suggest that the ATP-dependent activation of hIK1 is dependent upon hydrolysis and/or phosphorylation and is not due to direct nucleotide interaction.
Effect of Alkaline Phosphatase on ATP-stimulated hIK1 Activity-To discriminate between ATP hydrolysis and phosphorylation in the ATP-dependent activation of hIK1, we evaluated the effect of exogenously added alkaline phosphatase. Alkaline phosphatase would be expected to reverse only phosphorylation-dependent activation of hIK1. The results of one experiment are shown in Fig. 5 . Following activation of hIK1 with ATP (1 mM), addition of alkaline phosphatase (5 units/ml) reduced channel activity (NP o ) to below control levels. Indeed, removal of ATP, in the continued presence of alkaline phosphatase resulted in a further decrease in channel activity, which was recoverable upon readdition of ATP. Our results demonstrate that alkaline phosphatase reduced hIK1 activity to below control levels, suggesting that some base-line activity of hIK1 is due to the channel being in a phosphorylated state. This possibility was evaluated by determining the effect of alkaline phosphatase on hIK1 following patch excision prior to addition of ATP. As shown in Fig. 6 (A and B) addition of alkaline phosphatase (5 units/ml) resulted in a decrease in channel activity to below control levels that was not reversed upon washout; consistent with a portion of this base-line activity being due to phosphorylated channels. The subsequent addition of ATP (1 mM) resulted in a large increase in NP o . As summarized in Fig. 6C , alkaline phosphatase reduced NP o from 12.02 Ϯ 3.18 to 5.59 Ϯ 1.35 (n ϭ 7, p Ͻ 0.05) with washout having no effect on NP o (6.06 Ϯ 1.53). The subsequent perfusion of ATP increased NP o to 18.07 Ϯ 5.06 (p Ͻ 0.01). These data further suggest that phosphorylation of hIK1 and/or a closely associated protein can modulate its activity.
Effect of PKA Inhibitors on ATP-dependent Activation of hIK1 in Xenopus Oocytes-Our TEVC data suggest that a PKAdependent pathway can activate hIK1 in the presence of elevated Ca 2ϩ
. Also, our patch-clamp data suggest that PKA could be associated with the membrane. Based on these studies, we
FIG. 4. ATP-induced stimulation of hIK1 is Mg
2؉ -dependent. hIK1 was expressed in Xenopus oocytes, and channel activity recorded from excised inside-out patches in symmetric K ϩ gluconate at a holding potential of Ϫ100 mV. The patch was exposed to 10 M free bath Ca 2ϩ in an HEDTA (1 mM) Mg 2ϩ chelating solution. In the absence of Mg 2ϩ , ATP failed to stimulate hIK1. However, subsequent inclusion of Mg 2ϩ (2.5 mM) resulted in a 3-fold increase in hIK1 activity. After steady-state activation was achieved, the patch was perfused with the previous Mg determined whether the PKA inhibitors PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and H-89 could inhibit the ATP-dependent activation of hIK1 in excised inside-out patches. As shown in Fig. 7 , subsequent to activation of hIK1 by ATP, addition of PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] (100 nM) reduced channel activity, which was recovered upon washout of PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The time course for this experiment is shown as a diary plot in Fig.  7B . In 10 experiments ATP (1 mM) increased NP o from 1.94 Ϯ 0.81 to 4.53 Ϯ 1.68, and this was subsequently reduced to 3.39 Ϯ 1.34 (p Ͻ 0.05) upon addition of PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Similarly, H-89 (2 M) reduced NP o from 8.27 Ϯ 2.97 to 5.25 Ϯ 3.17 (p Ͻ 0.01, n ϭ 5). These results suggest that the ATP-dependent activation is via a PKA-mediated phosphorylation event.
Effect of Phosphorylation on the Calcium Dependence of hIK1-Phosphorylation of BK channels has been shown to alter their Ca 2ϩ dependence such that there is a parallel shift in the P o versus voltage relationship (12) (13) (14) . In contrast, the effect of phosphorylation on the Ca 2ϩ dependence of hIK1 has previously not been reported. Thus, we determined the effect of ATP-dependent phosphorylation on the Ca 2ϩ dependence of hIK1 in excised inside-out patches from Xenopus oocytes. For these experiments, the excised patch was initially incubated with alkaline phosphatase (5 units/ml) until a steady-state level of activity was achieved. Then, a Ca 2ϩ concentrationresponse relationship was established in the presence of a lower amount of alkaline phosphatase (1 unit/ml). After reaching a saturating Ca 2ϩ concentration (10 M), alkaline phosphatase was washed out and ATP (1 mM) was perfused into the bath. Upon reaching a new steady-state level of activation, a complete Ca 2ϩ concentration-response relationship was generated again on the same patch in the continued presence of ATP. The result of one such experiment is shown in Fig. 8A . ATP induced a large increase in NP o at all concentrations of Ca 2ϩ above 100 nM. For this single experiment there was no a shift in either Ca 2ϩ affinity (alkaline phosphatase, K s ϭ 123 nM; ATP, K s ϭ 86 nM) or the Ca 2ϩ -dependent cooperativity associated with activation (alkaline phosphatase, Hill coefficient ϭ 2.1; ATP, Hill coefficient ϭ 2.3). Similar results were obtained in three experiments in which both concentration-response curves were generated on the same patch.
In additional experiments, in which both concentration-response curves could not be generated on the same patch, we determined the effects of phosphorylation on the Ca 2ϩ dependence of hIK1 following maximal activation with 10 M Ca 2ϩ . That is, we either generated a complete Ca 2ϩ concentrationresponse curve in the presence of alkaline phosphatase followed by the addition of ATP at 10 M Ca 2ϩ or generated a complete Ca 2ϩ concentration-response curve in the presence of ATP followed by addition of alkaline phosphatase at 10 M Ca 2ϩ . In this way we were able to determine affinities and Hill coefficients for Ca 2ϩ in the presence/absence of phosphoryla- To determine whether phosphorylation of serine 334 is important in either the ATP-or PKA-dependent activation of hIK1, we mutated serine 334 to alanine (S334A). S334A hIK1 was evaluated using both TEVC and excised patch-clamp techniques (Fig. 9 ). As shown in Fig. 9A , despite mutating the only consensus PKA phosphorylation site on hIK1, ionomycin (1 M) induced a small activation of S334A hIK1 that was dramatically potentiated by the cAMP-elevating agents forskolin (10 M) plus IBMX (1 mM) in a CTX-dependent manner. In seven experiments, ionomycin increased K ϩ current from Ϫ0.35 Ϯ 0.11 A to Ϫ1.32 Ϯ 0.47 A with the subsequent addition of forskolin/IBMX further increasing current to Ϫ2.39 Ϯ 0.59 A (p Ͻ 0.01). Addition of CTX (50 nM) reduced current to Ϫ0.40 Ϯ 0.09 A. These results demonstrate that S334 is not critical to the activation of hIK1 by cAMP-elevating agonists.
Based on our TEVC data we evaluated the effect of ATP on S334A hIK1 in excised inside-out patches. As shown in Fig. 9B , addition of ATP (1 mM) resulted in a large activation of S334A hIK1. Addition of PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] its Ca 2ϩ dependence (Ca 2ϩ -free, NP o ϭ 0.02 Ϯ 0.01) as well as its sensitivity to the known hIK1 blocker clotrimazole (500 nM, NP o ϭ 0.20 Ϯ 0.08). These data demonstrate that Ser 334 is not the site of PKA-mediated phosphorylation.
Regulation of hIK1 Heterologously Expressed in HEK293 Cells-During the course of our studies we stably expressed hIK1 in the HEK293 cell line in an attempt to expedite a molecular understanding of the regulation of hIK1 by ATP. As shown for one experiment in Fig. 10A , following patch excision in to 400 nM free Ca 2ϩ , and establishment of a stable base line, addition of ATP (1 mM) resulted in a large increase in channel activity similar to our results from Xenopus oocytes. In contrast to our results above, PKI 5-24 (100 nM) failed to inhibit this ATP-dependent activation. One possibility to explain these di- 
FIG. 8. Effect of phosphorylation on the Ca
2؉ dependence of hIK1. hIK1 channels heterologously expressed in Xenopus oocytes were recorded from excised inside-out membrane patches in symmetric potassium gluconate at a holding potential of Ϫ100 mV using the indicated concentrations of Ca 2ϩ . Complete Ca 2ϩ concentration response data were generated in either phosphorylating (ATP) or dephosphorylating (alkaline phosphatase, alk. phos., 1 unit/ml) conditions. A, Ca 2ϩ concentration-response relationships are shown for a single experiment. A complete Ca 2ϩ concentration-response curve was run in the continuous presence of ATP. Following maximal activation, alkaline phosphatase was added to the bath solution until a new steady-state level of activity was achieved. A second Ca 2ϩ concentration response relationship was then generated on the same patch in the continued presence of alkaline phosphatase. ATP-dependent activation of hIK1 resulted in an increase in V max without a change in either the K s (ATP, K s ϭ 86 nM; alkaline phosphatase, K s ϭ123 nM) or apparent cooperativity as determined by the Hill coefficient (ATP, Hill coefficient ϭ 2. vergent results is that the kinase-dependent regulation of hIK1 is dependent upon the cell system in which it is being studied. It has recently been demonstrated that hIK1 directly associates with calmodulin (25, 26) . Thus, a possible alternative to PKAmediated regulation is regulation of hIK1 by calmodulin kinase. However, as shown in Fig. 10A , the CaMKII inhibitory peptide, CaMKII 281-309 (2 M) also had no effect on channel activity. Removal of ATP resulted in a decrease in channel activity, as expected if a phosphatase is associated with the membrane patch. In a total of six experiments, the average NP o in the presence of 400 nM Ca 2ϩ was 12.45 Ϯ 5.00, and this increased to 57.83 Ϯ 19.01 in the presence of ATP (1 mM). The subsequent addition of CaMKII 281-309 (60.80 Ϯ 19.41) followed by PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] (59.19 Ϯ 18.77) had no effect on NP o , whereas the subsequent washout of ATP reduced NP o to 36.43 Ϯ 11.89 (p Ͻ 0.05). Removal of bath Ca 2ϩ totally abolished channel activity as expected (0.14 Ϯ 0.03). In an additional four experiments, we evaluated the effect of the PKC inhibitory peptide, PKC 19 -31 . Similar to our above results, PKC 19 -31 (1 M) had no effect on the ATP-dependent activation of hIK1 (control, NP o ϭ 1.67 Ϯ 2.14; ATP, NP o ϭ 16.63 Ϯ 5.34; PKC 19 -31 , NP o ϭ 18.46 Ϯ 9.23).
Our results suggest that, in contrast to our data from Xenopus oocytes, the ATP-dependent activation of hIK1 in HEK293 cells is not associated with PKA-dependent phosphorylation. Based on these observations, we determined whether the ATPdependent gating was dependent upon Mg 2ϩ , whether nonhydrolyzable analogs of ATP would activate the channel, and whether alkaline phosphatase would reverse the ATP-dependent activation. The Mg 2ϩ dependence of activation is shown in Fig. 10B 32 ; n ϭ 5, p Ͻ 0.05). These results suggest that the ATP-dependent activation of hIK1 observed in HEK293 cells is via an associated kinase, although our data argue against a role for PKA, PKC, or CaMKII.
Endogenous Expression and PKA-dependent Modulation of hIK1-Our divergent results on the kinase-dependent regulation of hIK1 obtained in Xenopus oocytes and HEK293 cells prompted us to evaluate the effect of ATP on endogenously expressed hIK1. Previously, we (3, 4) and others (5, 6, 27, 28) described an IK Ca channel in colonic and airway epithelia with similar biophysical and pharmacological properties to those of hIK1. This channel provides the electrochemical driving force for Ca 2ϩ -mediated transepithelial ion transport (19) . Initially, we performed Northern blot analysis on mRNA isolated from the human T84 colonic crypt and the Calu-3 airway serous cell lines to confirm that the endogenous channel was in fact hIK1. The results of this experiment are shown in Fig. 11 . Our probe detected a single band of approximately 2.4 kilobases in both cell lines. This is identical to the main transcript size originally reported by both Ishii et al. (22) and Joiner et al. (23) , thereby demonstrating expression of hIK1 in these epithelial cells.
We therefore determined whether endogenously expressed hIK1 could be activated by membrane-associated PKA, similar to our results in Xenopus oocytes, or whether the endogenous channel was regulated by a distinct kinase as with our HEK293 cell experiments. Initially, we determined whether nonhydrolyzable analogs of ATP would activate hIK1 in T84 cells. In In four experiments ATP increased NP o from 4.70 Ϯ 1.57 to 7.75 Ϯ 1.64, and this was reduced to 1.98 Ϯ 0.65 by alkaline phosphatase. Indeed, similar to what we observed in oocytes, alkaline phosphatase reduced channel activity to below control levels, suggesting that some of the activity observed following patch excision is due to phosphorylated channels.
Our initial results on endogenously expressed hIK1 in T84 cells are identical to what we observed in oocytes and HEK293 cells heterologously expressing hIK1. Therefore we determined whether we could attribute this ATP-dependent activation to PKA as in the oocyte model. The results of these experiments are shown in Fig. 12 . Similar to what we previously described (3), excision of patches from T84 cells into 400 nM Ca 2ϩ allowed us to resolve channels with little activity. Addition of ATP (1 mM) resulted in activation of endogenous hIK1 (Fig. 12A) . The subsequent addition of CaMKII 281-309 (2 M) had no effect on channel activity, whereas the addition of PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] (100 nM) reversed the ATP-dependent activation of endogenous hIK1 (Fig. 12A) . A time course for the experiment shown in Fig. 12A is illustrated as a diary plot in Fig. 12B . In four similar experiments, the NP o averaged 0.70 Ϯ 0.33 in the presence of 400 nM Ca 2ϩ , and this was increased to 2.31 Ϯ 1.6 by ATP. The subsequent addition of CaMKII 281-309 had no effect on channel NP o (2.38 Ϯ 1.7), whereas PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ϩ mRNA was isolated from both T84 colonic crypt and Calu-3 airway serous cell lines, and 3 g of each was run on a 1% agarose gel and transferred to nitrocellulose. The mRNA was hybridized with random primed [
32 P]dCTP-labeled fragments from a cDNA template corresponding to amino acids 319 -427 of hIK1 and extending an additional 100 base pairs of the 3Ј-untranslated region. The blot was washed with 0.1-SSPE buffer and 0.1% SDS at 65°C and exposed to film for 24 h at Ϫ80°C. A single transcript of approximately 2.4 kilobases, corresponding to hIK1, was recognized in both cell lines.
that endogenous hIK1 expressed in colonic epithelia is activated by PKA associated with the membrane patch, whereas calmodulin kinase and PKC have no effect on channel gating.
Effect of PKA-dependent Phosphorylation on Ca 2ϩ -dependent Gating of Endogenous hIK1-Our results demonstrate that a membrane-associated PKA is capable of activating hIK1 expressed in T84 cells. When heterologously expressed in Xenopus oocytes this PKA-mediated regulation results in an increase in NP o with no change in Ca 2ϩ affinity (K s ) or cooperativity (n) of gating. Thus, we determined whether a similar mechanism of action could explain the activation of endogenous hIK1. These experiments were carried out in a manner identical to that outlined above for Xenopus oocytes. That is, a complete concentration-response relationship was generated for Ca 2ϩ in the presence of alkaline phosphatase (1 unit/ml) to determine both the K s and n for Ca 2ϩ of dephosphorylated hIK1. Once a saturating concentration of Ca 2ϩ was reached (10 M), the alkaline phosphatase was removed, and ATP (1 mM) was added to demonstrate activation of hIK1 by ATP at saturating levels of Ca 2ϩ . The Ca 2ϩ was then decreased to 30 nM, and a complete Ca 2ϩ concentration-response curve was generated in the presence of ATP. Importantly, the entire experiment was conducted on a single patch. The results of these experiments are shown in Fig. 13 . As shown in Fig. 13A , for a single patch the K s and n were not different in the presence of alkaline phosphatase (K s ϭ 152 nM, n ϭ 1.7; open circles) and ATP (K s ϭ 162 nM, n ϭ 2.0; filled circles), although the NP o was increased at all concentrations of Ca 2ϩ above 80 nM in the presence of ATP. Fig. 13B shows the time course for activation of hIK1 by ATP in the presence of 10 M Ca 2ϩ followed by the return to 30 nM free Ca 2ϩ for the experiment shown in Fig. 13A . Similar to our oocyte and HEK293 data, the activation by ATP took several minutes to reach a stable value, consistent with a kinase-mediated event. The average increase in NP o by ATP at 10 M Ca 2ϩ is shown in Fig. 13C . Similar results were obtained in a total of four experiments. In the presence of alkaline phosphatase the K s averaged 184 Ϯ 52 nM with a Hill coefficient of 2.0 Ϯ 0.1, and these values were not affected by the addition of ATP (K s ϭ 194 Ϯ 43 nM, n ϭ 1.7 Ϯ 0.1). These results demonstrate that endogenous hIK1 is activated by a membrane-associated PKA via an increase in V max with no change in Ca 2ϩ affinity or cooperativity of gating, similar to our results in Xenopus oocytes. cells are often confronted with both increased levels of Ca 2ϩ as well as cAMP, suggesting these K Ca channels may be under dual modulatory control. Modulation of the Ca 2ϩ -dependent gating of K Ca channels by phosphorylation has been most thoroughly studied on the large conductance BK Ca channels. This PKA-dependent phosphorylation has been shown to shift the affinity of the BK Ca channel for Ca 2ϩ such that it becomes active at physiologically relevant Ca 2ϩ concentrations (12) (13) (14) . The PKA consensus phosphorylation site on BK Ca involved in this regulatory shift in Ca 2ϩ affinity has recently been identified (15) . Importantly the BK Ca channels have been shown to associate with PKA in the membrane as part of a regulatory complex, further arguing for the physiological significance of this regulation (29) . However, much less is known about the phosphorylation-dependent regulation of the intermediate conductance, Ca 2ϩ -dependent K ϩ (IK Ca ) channels. Here we provide evidence that the Ca 2ϩ -dependent regulation of the cloned IK Ca channel, hIK1, can be modified by a membrane-associated PKA.
hIK1 Exists as Part of a Regulatory Complex-In total, our data suggest that hIK1 exists associated with a regulatory complex composed minimally of hIK1 associated with calmodulin (25, 26) , a phosphatase, and an protein kinase A. Although we have no direct evidence for an associated phosphatase, this is the simplest interpretation of our data. That is, upon patch excision we typically observed rundown of hIK1 to a new steady-state level of activity (Fig. 2B) . Addition of exogenous phosphatase augmented this decrease in channel activity (Fig.   6 ), suggesting that hIK1 or an associated regulatory protein (see below) exists in a phosphorylated state upon patch excision, which is then dephosphorylated over time by an associated phosphatase. Also, upon washout of ATP from the bath, channel activity slowly declines, suggesting that a phosphatase is active in the patch and is capable of reversing the kinasedependent activation of hIK1.
Several lines of evidence suggest that hIK1 is associated with an endogenous protein kinase A. First, activation of hIK1 is strictly dependent upon ATP; alternative nucleotide triphosphates fail to support channel activity (Fig. 3) . Second, this activation depends upon the presence of a hydrolyzable ␥-phosphate, i.e. AMP-PNP and AMP-PCP fail to activate hIK1 (Fig.  3) . Third, activation of hIK1 by ATP is dependent upon Mg 2ϩ (Fig. 4) , consistent with this effect being kinase-mediated. Fourth, the ATP-dependent activation of hIK1 can be reversed by alkaline (Fig. 5 ) or acid phosphatase, arguing for a kinasemediated process. Finally, this conclusion is supported most strongly by the demonstration that inhibitors of PKA reverse the ATP-dependent activation of hIK1 in both Xenopus oocytes (Figs. 7 and 9 ) and T84 cells (Fig. 12) . One interpretation of these results, which we are currently evaluating, is that hIK1 is associated with a membrane delimited A-kinase anchoring protein (AKAP). AKAPs have been shown to be intimately associated with L-type Ca 2ϩ channels (30, 31) and voltage-dependent Na ϩ channels (32), as well as a large conductance K Ca in tracheal myocytes (33) both protein kinase A as well as phosphatase 2B (34) . Because hIK1 is known to be intimately associated with calmodulin (25) this may provide a means of localizing the phosphatase with the protein kinase A. Alternatively, PKA may associate directly with hIK1 as has been recently demonstrated for the Drosophila Slowpoke BK Ca channel (dSlo) (35) .
Although our initial results were obtained using the Xenopus oocyte expression system, we also determined whether these could be extrapolated to endogenously expressed hIK1. For these studies we utilized the T84 colonic crypt cell line. Previously we reported an IK Ca in this cell line with identical biophysical and pharmacological properties to hIK1 (3, 16, 17) . Also, we recently demonstrated that the cloned hIK1 is directly activated by 1-ethyl-2-benzimidazolinone and chlorzoxazone in a Ca 2ϩ dependent manner (36) , similar to our previous reports on the endogenous channel (16, 37) . To confirm that this channel is hIK1 we performed Northern blot analysis on poly(A) ϩ mRNA isolated from T84 cells. We detected a single transcript at ϳ2.4 kilobases (Fig. 11) , consistent with previous reports (22, 23) confirming that T84 cells express hIK1. We demonstrate that hIK1, endogenously expressed in the T84 cell line, can be activated by ATP in a Mg 2ϩ -, alkaline phosphatase-, and PKI 5-24 -dependent fashion (Fig. 12) , consistent with modulation by a membrane-associated PKA.
In contrast to our results from Xenopus oocytes and T84 cells, the ATP-dependent activation of hIK1 in HEK293 cells was independent of PKA. The divergent results between endogenously and heterologously expressed hIK1 suggest that caution must be used in interpreting kinase-dependent regulation of hIK1 in some overexpression systems. Our results suggest that overexpression of hIK1 may overwhelm the ability of endogenous PKA to modulate channel activity, depending on the expression system being utilized. These divergent results argue for an additional protein/subunit that interacts with hIK1 to convey kinase-dependent regulation.
In support of the notion that an additional protein/subunit may interact with hIK1 to modulate its gating, Khanna et al. (26) reported that the calmodulin antagonists W-7, trifluoperazine, and calmidazolium inhibited hIK1 whole cell currents in T cells while having greatly diminished effects on hIK1 heterologously expressed in Chinese hamstar ovary cells. These results further argue that an additional protein interacts with hIK1 to regulate the channel. However, it should be noted that, in contrast to the results of Khanna et al. (26) , Fanger et al. (25) reported no effect of the calmodulin antagonists, W-7, trifluoperazine, or calmidazolium on hIK1 in T cells. In addition, Khanna et al. (26) demonstrated that the CaMKII inhibitor, KN-62 reversed the Ca 2ϩ -dependent activation of hIK1 in T cells, whereas we observed no effect of the peptide inhibitor of CaMKII (CaMKII 281-309 ) on hIK1 in either T84 or HEK293 cells using the excised inside-out patch-clamp technique (Figs.  10 and 12) . Although the reason for these disparities is not clear, these results further suggest that this regulatory event is not associated with the pore-forming ␣-subunit of the channel and that expression of this alternate protein may be cell typespecific, thereby allowing for differential regulation across tissue types. In this regard, Pellegrino and Pellegrini (38) recently demonstrated the red blood cell IK Ca is modulated by a membrane-associated PKA, likely via an AKAP. Thus, although expression of hIK1 in HEK293 cells does not accurately reflect the regulation observed on endogenous hIK1, our results indicate that an alternate kinase is capable of dramatically upregulating channel activity. In contrast to hIK1, the highly homologous Ca 2ϩ -dependent K ϩ channel rSK2 is not activated by ATP. 2 Therefore, hIK1/rSK2 chimeras may be successfully employed to define this regulation in the HEK293 expression system.
An additional possibility for kinase-dependent regulation of a Ca 2ϩ -dependent K ϩ channel is modulation by PKC. However, we previously demonstrated that endogenous hIK1 expressed in T84 cells is not acutely modulated by PKC in excised insideout patches (39) . Consistent with this, we observed no effect of the peptide PKC inhibitor, PKC 19 -31 on hIK1 in either T84 or HEK293 cells. In addition, mutating each of the four PKC consensus sites to alanine (T101A, S178A, T329A, and S388A) had no effect on the ATP-dependent gating of hIK1. 2 
PKA-dependent Regulation of hIK1 Is Ca 2ϩ
-dependent-Our initial TEVC studies demonstrated that hIK1 could be activated by increasing cellular cAMP. However, this activation was dependent on an elevated level of intracellular Ca 2ϩ (Fig.  1) ,suggestingCa 2ϩ playsapermissiveroleinthephosphorylationdependent activation of hIK1. These results were confirmed by our excised patch-clamp data. That is, at resting levels of cytoplasmic Ca 2ϩ (80 nM) addition of ATP failed to augment channel activity (Figs. 8 and 13 ). We further demonstrate that the effect of phosphorylation on hIK1 channel gating is due to an increase in the V max of the Ca 2ϩ concentration relationship for hIK1 without a change in the K s or apparent cooperativity for Ca 2ϩ -dependent activation (Figs. 8 and 13) . The values we report here for K s (190 -350 nM) and Hill coefficient (n ϭ 1.7-2.6) are similar to those detailed in the initial reports of the cloning of this channel (K s ϭ 95-300 nM, n ϭ 1.7-3.2; Refs. 22, 23, and 40) .
In contrast to our results on hIK1, PKA-dependent phosphorylation of BK Ca channels has been shown to shift the P o versus Ca 2ϩ concentration-response curve such that there is an increased affinity of BK Ca channels for Ca 2ϩ (14) . Thus, the effect of PKA-mediated phosphorylation on the Ca 2ϩ -dependent gating of hIK1 differs from that of the BK Ca class of channels. This shift in V max for the Ca 2ϩ -dependent activation of hIK1, as opposed to affinity, may be physiologically significant. That is, hIK1 has a K s for Ca 2ϩ (100 -400 nM; Figs. 8 and 13) (22, 23) that is within the physiologically relevant range for the increase in intracellular Ca 2ϩ achieved in response to Ca 2ϩ -mediated agonists. If phosphorylation shifted the K s to resting levels of Ca 2ϩ , then these channels would be activated by cAMP-mediated agonists such that the dichotomy between cAMP-and Ca 2ϩ -dependent K ϩ channels would be lost. In contrast, BK Ca channels require a shift in Ca 2ϩ affinity to become active at physiologically relevant levels of intracellular Ca 2ϩ . Perhaps this difference in the PKA-dependent activation of IK Ca and BK Ca channels is a consequence of the different mechanisms by which Ca 2ϩ gates these channels. The Ca 2ϩ -dependent gating of hIK1 has recently been shown to require interaction with bound calmodulin (25) , whereas the BK Ca channels are thought to directly bind Ca 2ϩ via a series of negatively charged amino acids known as the "calcium bowl" (41) . However, it is unlikely that the PKA-dependent activation of hIK1 involves an effect on calmodulin itself because the highly homologous small conductance Ca 2ϩ -dependent K ϩ channel rSK2 is not modulated by the addition of ATP to excised patches 2 ; the Ca 2ϩ -dependent gating of rSK2 has similarly been shown to depend upon a direct interaction with calmodulin (42) . To our knowledge, this report is the first to describe the effect of PKA-mediated phosphorylation on the Ca 2ϩ dependence of an IK Ca channel. Stimulation of hIK1 Activity by PKA-mediated Phosphoryla-tion Is Independent of Serine 334 -The PKA-dependent activation of hIK1 could be due to either a direct effect on hIK1 itself or a closely associated protein. In an attempt to elucidate which of these two possible mechanisms underlie the activation of hIK1, we mutated serine 334 to an alanine (S334A). Ser 334 is the only putative PKA phosphorylation site in hIK1 as defined by the dibasic consensus sequence, RRXXS. However, S334A hIK1 was activated by forskolin plus IBMX in the TEVC configuration as well as stimulated by ATP in a PKI [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] -dependent manner in excised inside-out patches (Fig. 9) . Thus, we conclude that Ser 334 alone is not the residue involved in the PKAdependent stimulation of hIK1 channel gating. This result suggests one of two possibilities. First, PKA-dependent activation could occur via phosphorylation of a closely associated protein rather than being a direct effect on hIK1. Second, PKA could phosphorylate a nonconsensus site. For example, mutation of all ten PKA consensus phosphorylation sites on the CFTR chloride channel failed to prevent PKA-dependent activation (43) . However, mutation of a nonconsensus PKA domain resulted in a dramatic decrease in the PKA-dependent regulation of CFTR (44) .
Convergent Regulation of hIK1 by Ca 2ϩ and PKA-Because hIK1 activity can be modulated by membrane-associated PKA, it is likely that both calcium and cAMP-mediated pathways converge to regulate the channel. We previously demonstrated that endogenous hIK1 in T84 cells is activated by Ca 2ϩ -mediated agonists (3). Roch et al. (27) demonstrated this channel could also be activated by increasing cAMP during whole cell patch-clamp recording. Also, Welsh and McCann (21) demonstrated that an IK Ca expressed in airway epithelia could be activated by norepinephrine, a dual Ca 2ϩ -and cAMP-mediated agonist. An important observation is the clear dissociation between intracellular Ca 2ϩ and basolateral K ϩ current that exists during cholinergically mediated epithelial ion transport, suggesting that Ca 2ϩ alone is insufficient to account for the modulation of hIK1 in colonic epithelia (45, 46) . In addition, Barrett and colleagues (45) have demonstrated that the Ca 2ϩ response to Ca 2ϩ -mediated agonists is blunted in the presence of elevated cAMP, although the current response is potentiated, demonstrating activation of hIK1. Our results suggest that lower levels of Ca 2ϩ are required to activate hIK1 to the same level in the presence of PKA, thereby providing a rationale for the experimental results obtained in intact epithelia.
In conclusion, we demonstrate that hIK1 is activated by PKA in a Ca 2ϩ -dependent fashion and that this activation likely occurs via a membrane delimited kinase. This PKA-dependent activation results in an increase in total current flow (V max ) with no change in the channel affinity for Ca 2ϩ , a mechanism distinct from that previously described for the BK Ca channels (14) . However, our results do not allow us to conclude whether this effect of PKA is directly on the channel itself or a closely associated protein, although we can conclude that the PKA consensus site, Ser 334 is not involved in this regulation. Future studies will be required to determine whether an AKAP is involved in this PKA-dependent regulation and whether hIK1 itself is directly phosphorylated. This convergent regulation by Ca 2ϩ and PKA on hIK1 will be physiologically important when epithelia are under the dual modulation of cAMP-and Ca 2ϩ -mediated agonists resulting in a potentiated transepithelial secretory response.
